A physiological examination of mice harboring a null allele at the aryl hydrocarbon (Ah) locus revealed that the encoded aryl hydrocarbon receptor plays a role in the resolution of fetal vascular structures during development. Although the aryl hydrocarbon receptor is more commonly studied for its role in regulating xenobiotic metabolism and dioxin toxicity, a developmental role of this protein is supported by the observation that Ah null mice display smaller livers, reduced fecundity, and decreased body weights. Upon investigating the liver phenotype, we found that the decrease in liver size is directly related to a reduction in hepatocyte size. We also found that smaller hepatocyte size is the result of massive portosystemic shunting in null animals. Colloidal carbon uptake and microsphere perfusion studies indicated that 56% of portal blood flow bypasses the liver sinusoids. Latex corrosion casts and angiography demonstrated that shunting is consistent with the existence of a patent ductus venosus in adult animals. Importantly, fetal vascular structures were also observed at other sites. Intravital microscopy demonstrated an immature sinusoidal architecture in the liver and persistent hyaloid arteries in the eyes of adult Ah null mice, whereas corrosion casting experiments described aberrations in kidney vascular patterns. T he aryl hydrocarbon receptor (AHR) is a member of the per-arnt-sim (PAS) superfamily of proteins. The AHR regulates biological responses to a variety of environmental contaminants, such as the polycyclic aromatic hydrocarbons found in cigarette smoke, the polychlorinated dioxins that contaminate industrial chemicals, and the wartime defoliant Agent Orange (1-5). These chemical ligands bind to the AHR, leading to receptor dimerization with another PAS protein known as the aryl hydrocarbon nuclear translocator (ARNT). This heterocomplex interacts with genomic enhancer elements upstream of a battery of target genes that encode xenobiotic metabolizing enzymes (1, 6, 7). The observation that the up-regulated enzymes often have metabolic activity toward AHR agonists has led to the idea that this pathway represents an adaptive metabolic response that protects an organism from exposure to certain classes of toxic environmental contaminants. Although this adaptive role has considerable experimental support, this pathway is not always protective. Exposure to high-affinity AHR agonists, like the chlorinated dioxins, can result in cancer (8), immunosuppression (9), liver damage (10), and birth defects (11). The mechanisms underlying these toxic effects are unknown but appear to be AHR mediated.
T
he aryl hydrocarbon receptor (AHR) is a member of the per-arnt-sim (PAS) superfamily of proteins. The AHR regulates biological responses to a variety of environmental contaminants, such as the polycyclic aromatic hydrocarbons found in cigarette smoke, the polychlorinated dioxins that contaminate industrial chemicals, and the wartime defoliant Agent Orange (1) (2) (3) (4) (5) . These chemical ligands bind to the AHR, leading to receptor dimerization with another PAS protein known as the aryl hydrocarbon nuclear translocator (ARNT). This heterocomplex interacts with genomic enhancer elements upstream of a battery of target genes that encode xenobiotic metabolizing enzymes (1, 6, 7) . The observation that the up-regulated enzymes often have metabolic activity toward AHR agonists has led to the idea that this pathway represents an adaptive metabolic response that protects an organism from exposure to certain classes of toxic environmental contaminants. Although this adaptive role has considerable experimental support, this pathway is not always protective. Exposure to high-affinity AHR agonists, like the chlorinated dioxins, can result in cancer (8) , immunosuppression (9) , liver damage (10) , and birth defects (11) . The mechanisms underlying these toxic effects are unknown but appear to be AHR mediated.
Because of its role in mediating responses to environmental contaminants, the biology of the AHR has been extensively characterized from a toxicological viewpoint. However, several observations suggest an additional role for the AHR in vertebrate development. First, a phylogenetic survey indicates that the AHR arose over 450 million years ago, with functional orthologs found in species that have evolved in various marine, aquatic, and terrestrial environments (12) . This observation suggests that the AHR has conferred a selective advantage throughout vertebrate evolution, in a variety of chemical environments and before environmental pollution by anthropogenic compounds. Second, the AHR is expressed in a variety of tissues and developmental time points that are inconsistent with a singular role as part of a metabolic defense against environmental chemicals (13) (14) (15) . Finally, mice that lack the aryl hydrocarbon (Ah) locus (Ah Ϫ͞Ϫ) were generated by different laboratories and provided preliminary evidence that the AHR could affect reproduction, survival, and growth (16) (17) (18) (19) (20) . The intent of the present study was to obtain a physiological explanation for the phenotype observed in Ah Ϫ͞Ϫ mice and to identify a common receptor-related process that could provide insights into the role of the AHR in vertebrate development.
Materials and Methods
Mice. Ah Ϫ͞Ϫ mice congenic to C57BL͞6J (B 6 ) were generated by 15 backcrosses (N15) to the B 6 background with continual selection for the Ah null allele. Ah ϩ͞ϩ mice were derived from matings of N15 Ah heterozygous null (ϩ͞Ϫ) mice. Mice were then intercrossed to generate a colony of Ah Ϫ͞Ϫ, ϩ͞Ϫ, and ϩ͞ϩ mice. The Ah Ϫ͞Ϫ mice are maintained by intercrossing.
Morphometry. Livers were fixed in formalin, and 6-m sections were examined after staining with hematoxylin͞eosin. Nuclear and cytoplasmic areas were determined by a point-countintersect method (21) . Intersect points were categorized as hepatocyte nucleus, hepatocyte cytoplasm, or other (e.g., sinusoid or erythrocyte). The hepatocellular area was determined by dividing the total grid area by the number of nuclei within the grid. Nuclear and cytoplasmic areas were calculated by multiplying the total hepatocellular area by nuclear cytoplasmic densities.
Colloidal Carbon Uptake. Mice were anesthetized via inhalation of methoxyfluorane (Schering-Plough Animal Health), and their abdominal wall was surgically incised to expose the liver. The portal vein was cannulated with a 24-gauge angiocatheter (BecThis paper was submitted directly (Track II) to the PNAS office.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. ton Dickinson), and the suprahepatic vena cava was incised. The liver was flushed with 10 ml of Krebs-Henseliet bicarbonate buffer from a height of 30 cm to remove blood cells before excision and weighing. To relax postoperative vasoconstriction, perfusion was held at a constant flow rate of 3 ml͞g͞min with Krebs-Henseliet bicarbonate buffer, at an O 2 concentration of 95% and a CO 2 concentration of 5%, with a constant temperature of 25°C for 10 min (22) . After isolated perfusion, the liver was flushed with 10 ml of colloidal carbon (Pelican Ink), which was prepared by extensive dialysis (48 h), and filtered through an 8-m mesh (22) .
Corrosion Casts. Mice were anesthetized and livers were flushed with 10 ml of Krebs-Henseliet bicarbonate buffer, as above. Methylmethacrylate resin was prepared according to the protocol recommended by the manufacturer (Polysciences). Briefly, 20 ml of methylmethacrylate monomer was mixed with three drops of promoter and approximately 0.5 ml of dye and stored on ice. A second mixture of monomer (3.5 ml) and catalyst (1.0 ml) was made before each injection and was then mixed thoroughly with an equal volume of the promoter resin and injected. Livers were perfused via cannulation of the portal vein at a constant rate of 150 l͞min with a syringe pump (Harvard Apparatus), and the inferior vena cava (IVC) was incised to allow for resin outflow. Livers were also perfused with resin by cannulation of the infrahepatic IVC and occlusion of the suprahepatic IVC, with outflow through the incised portal vein. Kidneys were also perfused retrograde by cannulation of the IVC below the renal vein and occlusion of the infrahepatic IVC between the kidney and liver. Resin flowed from the kidney through the renal artery and out the descending aorta. After perfusion, resin was allowed to harden for 30 min, and organs were then digested with 20% potassium hydroxide for 48 h at 25°C.
Intravital Microscopy. Mice were anesthetized via i.p. injection of urethane (10 mg͞kg) (Sigma), and the abdominal wall was incised. The left lobe of the liver was exposed, covered with Saran wrap, and transilluminated at 550-680 nm. A modified Leitz microscope with 10ϫ, 20ϫ, and water immersion 80ϫ objectives was used to obtain images of the liver. Images were recorded on videotape with a silicon-vidicon camera (23) . Internal diameter, the number of sinusoids containing blood flow, and the number of sinusoidal junctions per field (SJF) were determined in blinded studies of individual fields obtained with the 80ϫ objective.
Portal-Systemic Shunting. The portal vein was cannulated with a 24-gauge angiocatheter, and the left ventricle was incised. The liver was flushed with 10 ml of PBS from a height of 30 cm and then perfused at a constant rate of 1 ml͞min with 150,000 gold microspheres (15-m diameter) per milliliter of PBS (BioPhysics Assay Laboratory, Worcester, MA) for 5.5 min. Livers and lungs were perfused, excised, and then dried at 50°C overnight. The number of microspheres in each sample was quantified by neutron activation of the gold microspheres and subsequent counting of ␥ radiation (BioPhysics Assay Laboratory). The extent of portosystemic shunting was calculated with the following formula (24) : PSS% ϭ (number of microspheres in lung͞ number of microspheres in lung and liver) ϫ 100.
Angiography. Continuous x-ray images were obtained as contrast was injected into the portal veins of Ah ϩ͞ϩ and Ah Ϫ͞Ϫ mice. Continuous images were obtained over approximately 10 s with an OEC 9800 Portable Vascular C-ARM (Medical Systems, Salt Lake City, UT), with injection of approximately 1 ml of Omnipaque 300 (Nycomed, Princeton, NJ) postmortem into the hepatic portal vein.
Examination for Hyaloid Artery and Limbal Vasculature. Eyes were dilated with two applications of 1% tropicimide (Bausch and Lomb) and examined with a hand-held biomicroscope (Kowa SL2). Structures examined include the eyelids, cornea, iris, anterior chamber, lens, and anterior vitreous. Eyes were also evaluated by indirect and direct ophthalmoscopy for hyaloid structures. To compare groups, we evaluated 15 Ah ϩ͞ϩ and 14 Ah Ϫ͞Ϫ mice. The observer was blinded to genotype; the degree of hyaloid artery persistence was scored as follows: 0 ϭ no hyaloid artery present, 1 ϭ Bergmeister papilla or slight extension of hyaloid artery into posterior vitreous, 2 ϭ extensive hyaloid vessel development extending at least one-quarter of the distance to the lens and up to the posterior lens capsule. The score assigned to each animal was based upon the eye with the more extended artery. Results were statistically evaluated by using the two-tailed Fisher's exact test (25) . To provide histological sections defining the extended hyaloid artery, eyes were fixed in 10% buffered formalin, sectioned, and stained with Alcian Blue PAS. Limbal vessels were photographed after mice were injected with 200 l of 0.05 g fluorescein isothiocyanatedextran (Sigma)͞ml of PBS, and eyes were epi-illuminated at 488 nm.
Results
Smaller Ah ؊͞؊ Liver Weights Reflect a Reduced Portal Blood Supply.
In our hands, the most reproducible phenotype found in Ah Ϫ͞Ϫ mice is a 25% reduction in relative liver weight (16, 17, 19, 26, 27) , with no significant hepatopathology in adult animals (17, 19) . Given that the set point for liver weight is highly regulated (28-30), we chose to elucidate the etiology of this biological endpoint. Although microscopic evaluation of hematoxylin͞ eosin sections did not provide significant insight into the reduced liver size (Fig. 1 A and B) , examination of cell size by direct morphometric analysis revealed that hepatocytes from Ah Ϫ͞Ϫ mice were 35% smaller in total cellular area than were hepatocytes from wild-type littermate controls (Fig. 1C) . The cytoplasmic area of hepatocytes from Ah Ϫ͞Ϫ mice was decreased in size by nearly 50% (Fig. 1D ), but nuclear areas were not significantly different (Fig. 1E) . Thus, the reduced size of the livers in Ah Ϫ͞Ϫ mice reflects a decrease in hepatocyte size, primarily from reduced cytoplasmic volume.
Because it is known that relative liver weight and hepatocyte size decrease in response to starvation or to introduction of portosystemic shunts (shunts from the portal vein to the IVC) (31-34), we suspected that there was an alteration in the liver vasculature of Ah Ϫ͞Ϫ mice that was not apparent in hematoxylin͞eosin-stained histological sections ( Fig. 1 A and B) . Thus, we examined intrahepatic vascularity by in situ perfusion approaches. In the first experiment, we measured colloidal carbon uptake in isolated perfused livers. Upon perfusion of colloidal carbon into wild-type livers from the portal vein, the regions at the base of the lobes immediately turned black, with carbon coloration spreading toward the periphery of the lobe, completely filling the liver within 3 min. In contrast, Ah Ϫ͞Ϫ livers remained pink throughout the carbon flush for periods of more than 10 min, despite carbon flow out of the IVC (Fig. 2A) . This drastic reduction in filling of the hepatic vasculature with colloidal carbon was observed among all Ah Ϫ͞Ϫ mice, regardless of sex or age, whereas carbon filled the lobes of all matched Ah ϩ͞ϩ mice. Inadequate carbon filling was observed among Ah Ϫ͞Ϫ mice that were 21 days of age and over a year in age (data not shown). Colloidal carbon uptake was not increased in the Ah Ϫ͞Ϫ liver with the concomitant perfusion of vasodilators, such as sodium nitroprusside (10 
) (data not shown). Based on these results, we concluded that the decreased perfusion of Ah Ϫ͞Ϫ livers was due to a difference in vascular morphology rather than vasoconstriction.
A possible reason for the poor carbon uptake of Ah Ϫ͞Ϫ livers was the existence of portosystemic shunting. To assess this possibility, we injected gold microspheres of 15-m diameter into the portal vein and incised the left ventricle of the heart, allowing microspheres that were not trapped in the liver sinu- soids (approximately 6-7-m internal diameter) to flow through the right side of the heart and collect in the lung. We quantified the portosystemic shunting by comparing the number of microspheres that accumulate in liver sinusoids with the number that bypass the sinusoids via shunts and collect in the lungs (24) . More than half (56.1%) of the microspheres passed through the Ah Ϫ͞Ϫ livers, whereas only 1.0% passed through the wild-type livers (Fig. 2B) . These results demonstrated that portal blood flow to hepatocytes via the sinusoidal compartment was significantly reduced (P Ͻ 0.013). Also consistent with significant portosystemic shunting in Ah Ϫ͞Ϫ mice was the finding that resistance to perfusion of the liver through the portal vein at a constant flow rate was not significantly greater in Ah Ϫ͞Ϫ mice relative to wild-type controls (range: 6-14 mm Hg; data not shown).
The AHR Is Required for Resolution of the Ductus Venosus (DV).
To determine the nature of the portosystemic shunt, we collected serial angiograms to observe the flow of contrast medium through the perfused liver. In wild-type mice, contrast medium flowed into the portal vein and immediately into the portal branches of the liver (Fig. 3A) . After filling the major branching veins, contrast entered the suprahepatic IVC (Fig. 3C) and then flowed retrograde, filling the infrahepatic IVC (Fig. 3D) . However, contrast medium in both male and female AhϪ͞Ϫ mice flowed from the portal vein directly to the IVC. Contrast filled the IVC first (Fig. 3H) and only slowly filled the individual branches of the liver (Fig. 3 I-L) . The shunt between the portal vein and the IVC in the AhϪ͞Ϫ mouse was clearly visible as a short segment that runs perpendicular to both the portal vein and IVC within the liver. This vascular pattern is consistent with a patent DV (35) . This fetal vascular structure is a remnant of fetal circulation and typically resolves shortly after parturition.
To obtain a three-dimensional reconstruction of the shunt, we perfused the portal vein with a methylmethacrylate resin and then digested away the cellular material with potassium hydroxide to provide a ''corrosion cast'' of the hepatic vasculature. The casts from the livers of wild-type mice appeared grossly as a solid mass of resin, indicating that resin perfused through the entirety of hepatic sinusoids before flow out to the IVC (Fig. 4A) . The portal vein is clearly visible entering the liver (Fig. 4A ) and the IVC can be seen on the dorsal side of the liver (data not shown). In contrast, resin in all Ah Ϫ͞Ϫ livers did not perfuse the sinusoids and was limited to portal veins of each lobe and their primary and secondary branches (Fig. 4B ). This pattern of vascular filling in the Ah Ϫ͞Ϫ liver was also observed when the resin was injected retrograde into the liver from the IVC through the hepatic central veins (data not shown). Incomplete filling of the Ah Ϫ͞Ϫ liver was explained by the presence of a shunt within the corrosion casts, which can be seen more clearly when branch vessels into the liver are removed (Fig. 4C) . As with the angiogram, the direction of the shunt is perpendicular to that of the portal vein and IVC and is indicative of a patent DV. Portosystemic shunting can result from increased intrahepatic resistance to blood flow (36) . To determine if the microcirculation of the Ah Ϫ͞Ϫ liver impeded blood flow, we examined sinusoidal diameter and density, using intravital microscopy and real-time video imaging (for a review, see ref. 23) . From different microscopic fields (Fig. 5 A and B) , we observed that neither the internal diameter (Fig. 5C ) nor the density of the sinusoids (Fig.  5D ) differed between Ah null and wild-type mice. Despite normal sinusoidal density, we did observe that the sinusoidal pattern in Ah Ϫ͞Ϫ mice resembles the neonatal architecture before resolution of the sinusoidal junctions during liver development (37) . Sinusoids of wild-type mice were organized as 6 . Ah Ϫ͞Ϫ mice have a high incidence of persistent hyaloid artery. To provide histological sections defining the extended hyaloid artery, eyes of Ah ϩ͞ϩ (A) and Ah Ϫ͞Ϫ (B) were fixed in 10% buffered formalin and 6-m sections were stained with Alcian Blue PAS. The lens (L), vitreous (V), retina (R), and hyaloid artery (HA) are shown. Eyes of Ah ϩ͞ϩ and Ah Ϫ͞Ϫ mice were examined by indirect and direct ophthalmoscopy for hyaloid structures; a graph of hyaloid artery persistence is shown (C). The difference between Ah ϩ͞ϩ and Ah Ϫ͞Ϫ mice was significant (P Ͻ 0.005), and the percentage of mice with extensive hyaloid artery is shown with the 95% upper confidence internal. Results were statistically evaluated by using the two-tailed Fisher's exact test (25) .
parallel vessels in the centrilobular regions, whereas sinusoids in Ah Ϫ͞Ϫ mice were highly anastomotic throughout (Fig. 5 A and  B) . When quantified by a count of SJF, sinusoidal anastomoses were found to be significantly higher among Ah Ϫ͞Ϫ livers (4.8 SJF) as compared with livers from wild-type mice (1.7 SJF, P Ͻ 0.0026) (Fig. 5E ). Evidence for fetal vascular structures in the liver led us to search for similar structures at other sites. Remnants of neonatal architecture were also found in the eyes of Ah Ϫ͞Ϫ mice. When eyes of 8-to 12-week-old Ah Ϫ͞Ϫ mice were examined by ophthalmoscopy, they were commonly found to contain a persistent hyaloid artery (Fig. 6B ). This fetal artery supplies the developing eye with blood. Of 14 Ah Ϫ͞Ϫ mice, nine exhibited an extensive hyaloid artery, whereas only 1 of 15 Ah ϩ͞ϩ mice exhibited this structure (Fig. 6C) . In 25% of Ah Ϫ͞Ϫ mice, the hyaloid artery extended to the posterior lens capsule membrane. Like the DV and sinusoidal anastomoses, the hyaloid artery is also a component of the neonatal vasculature that resolves early in development (38) . Anomalies in the vascular architecture of Ah Ϫ͞Ϫ mice were not limited to the liver and the hyaloid artery. Ah Ϫ͞Ϫ mice had an exaggerated limbal vasculature with loops that extend centrally and invade the corneal stroma (Fig. 7B) . Unfortunately, there have been no reports of the development of the limbal vasculature that would allow us to conclude that this phenomenon is related to those cited above. We also observed that when kidneys were perfused with resin retrograde from the renal vein and out the renal artery, there was an alteration in vascular architecture (Fig. 7D) . The physiological explanation of the renal defect has not yet been examined thoroughly.
Importantly, not all neonatal vascular structures persist in the Ah Ϫ͞Ϫ mouse. For example, the ductus arteriosus, a fetal vessel that connects the left pulmonary artery with the descending aorta, was closed in adult Ah Ϫ͞Ϫ mice (data not shown), and thus its resolution may be governed by an independent mechanism (39).
Discussion
These data identify the Ah locus as the first gene reported to be associated with patent DV, a condition that can be congenital in humans (40, 41) and in dogs (42) . These results also provide evidence that the AHR plays a role in the resolution of a number of vascular structures. This aspect of vascular development has been referred to as ''pruning,'' a process by which early vessels are removed to form a more mature vascular pattern (43) . Interestingly, other members of the PAS family are involved in angiogenesis, which involves the ''sprouting'' of vascular structures, an opposing aspect of vascular development (44) (45) (46) (47) (48) . For example, murine embryos deficient in HIF1␣ or its partner, ARNT, do not develop past embryo day 11 (44, 47, 48) . The underlying mechanism for the Hif1␣ and Arnt null phenotypes appears to be related to the inability of the embryos to form the HIF1␣͞ARNT complexes that mediate the hypoxia-driven transcriptional responses essential for normal developmental angiogenesis (49) . Taken together, there appears to be an opposing physiological relationship between the HIF1␣ and AHR in vascular development, analogous more to ''forward'' and ''reverse'' gears than to an ''accelerator'' and ''brake.'' These opposing roles may govern the development and resolution of certain vascular structures and might provide the background and experimental systems that ultimately lead to an elucidation of the AHR's role in mammalian development.
There are a number of potential mechanisms by which the AHR could play a role in the resolution of vascular structures. Given the AHR's known activity as a transcription factor, it seems likely that it is required for the appropriate regulation of genes involved in vascular remodeling. Although the identity of these genes is unknown, it is tempting to speculate that such gene products are among the battery of genes most known for their role in xenobiotic metabolism (e.g., Cyp1a1, Cyp1a2, Cyp1b1, etc.). In such a scenario, one or more of these enzymes could control the levels of low-molecular-weight molecules with roles in vascular resorption. Alternatively, the AHR could inf luence vascular development by inf luencing the signaling of other PAS family members that are known to be involved in angiogenesis, such as HIF1␣ (49, 50) . Any of these mechanisms might be inf luenced by anthropogenic or putative endogenous ligands of the AHR. From a physiological perspective, an endogenous ligand could be a primary signal in the remodeling of vascular structures. From a toxicological viewpoint, these data suggest that an examination of AHR agonist, like dioxin, should be extended to aspects of vascular development. 
